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The results of recent studies have supported the idea that the ability to organize the formation of axes such as the
anteroposterior and proximodistal axes corresponds to limb regeneration ability in Xenopus. In this study, we investigated
the mechanism by which the dorsoventral (D-V) axis of regenerating Xenopus limbs is established and the relationships
between D-V patterning and regenerative ability. Transplantation experiments were performed to study which epidermis or
mesenchyme is responsible for the D-V patterning in regenerating limbs. Naked mesenchyme of a donor limb was rotated
and implanted on a host opposite-side limb stump to make a reversed recombination about the D-V axis. The resultant
regenerates had a normal-looking D-V pattern, including Lmx-1 expression, muscle pattern, and joints, in stage 52
recombinants and a reversed D-V pattern in stage 55 recombinants. Further experiments in recombination at stage 52 and
stage 55 showed that the epidermal signal is responsible for producing the D-V pattern in the regenerating blastema. These
results, together with the finding that Lmx-1 expression is absent in the froglet forelimb blastema, suggest that D-V axis
formation is a key step in understanding the loss of regenerative ability. © 2001 Academic Press
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aINTRODUCTION
Xenopus laevis is an organism that exhibits an ontoge-
netic decline in the ability to regenerate its limbs (Dent,
1962; Overton, 1963; Muneoka et al., 1986). As develop-
ment ensues, limb amputation at the ankle level results in
gradual reduction in the number of digits, and after meta-
morphosis, amputation results in, at best, the formation of
a simple (hypomorphic) spike-like structure consisting of a
solid core of cartilage. This decline in regenerative ability
begins proximally and gradually progresses to more distal
regions of the limb (Dent, 1962; Overton, 1963; Muneoka et
al., 1986). Therefore, Xenopus, which enables comparison
f the different abilities of limb regeneration within the
ame species, is an attractive model for understanding
1 Present address: Hiroshima Prefectural Institute of Industrial
Science and Technology, 3-10-32, Kagamiyama, Higashi-
Hiroshima, Hiroshima, 739-0046, Japan.
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All rights of reproduction in any form reserved.echanisms of limb regeneration and differences between
egenerative and nonregenerative limbs.
One possible reason for the decline in regenerative ability
f limbs is that Xenopus loses the ability to reestablish
ome key signaling pathways for normal pattern formation
uring limb regeneration. Indeed, some genes, fgf-8, fgf-10,
nd shh, which are involved in limb initiation, proximal–
istal (P-D) outgrowth, and anterior–posterior (A-P) axis
ormation during limb development, have been reported to
e related to Xenopus limb regeneration ability (Christen
nd Slack, 1997; Endo et al., 1997, 2000; Yokoyama et al.,
000). Sonic hedgehog (shh), being responsible for establish-
ent of the A-P axis of developing chick and mouse limb
uds (Riddle et al., 1993; Lopez-Martinez et al., 1995; Marti
t al., 1995; Yang and Niswander, 1995), is expressed in
egenerating limb blastemas as well as in developing limb
uds in amphibians (Endo et al., 1997; Imokawa and Yo-
hizato, 1997; Torok et al., 1999). In Xenopus, shh expres-
ion is reduced in blastemas amputated at late stages and is
bsent in froglet blastemas (Endo et al., 1997, 2000). It is
onceivable that the failure to establish the A-P axis be-
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352 Matsuda et al.cause of reduction or absence of shh expression is respon-
ible for the simple spike formation without any cartilage
egmentation in Xenopus froglets (Endo et al., 2000). fgf8
and fgf10 are expressed in the apical ectodermal ridge (AER)
nd in the mesenchyme underlying the AER, respectively.
hese molecules have been shown to play important roles
n epidermal–mesenchymal interactions required for limb
nitiation and elongation in developing limb buds (Ohuchi
t al., 1997). It has been reported that fgf8 and fgf10
expression is related to the decline in regenerative ability
(Christen and Slack, 1997; Yokoyama et al., 2000), suggest-
ing that they could be essential molecules for limb regen-
eration. Moreover, Yokoyama et al. (2000) reported that
regenerative capacity depends on mesenchymal tissue, and
they suggested that fgf10 is likely to be involved in this
capacity.
Although relationships between the decline in regenera-
tive ability and the establishment of A-P and P-D axes have
been demonstrated, little is known about the dorsal-ventral
(D–V) axis. During limb development and regeneration, D-V
axis formation gives rise to correctly arranged positioning of
tissues, such as muscle, neuron, and skin (nail), for the
establishment of functional limbs. D-V pattern formation is
understood better in developing limb buds than in regen-
eration. When the chick limb ectoderm is rotated 180°
along the D-V axis in relation to the underlying mesen-
chyme, the D-V polarity of limb elements is reversed
(MacCabe et al., 1973, 1974; Pautou, 1977a,b; Geduspan
nd MacCabe, 1987, 1989; Akita, 1996), suggesting that
ignals from ectoderm control D-V patterning of the limb.
he dorsal ectoderm is thought to be a signal center of D-V
attern formation, as recent studies have reported that
ome genes expressed there are involved in the D-V pattern-
ng. Wnt-7a is expressed in the dorsal ectoderm and induces
mx-1 expression in the dorsal mesoderm (Dealy et al.,
1993; Parr et al., 1993; Parr and McMahon, 1995; Riddle et
al., 1995; Vogel et al., 1995; Cygan et al., 1997). Loss of
Wnt-7a or Lmx-1 function brings about transformation of
dorsal limb structures to a more ventral fate (Parr and
McMahon, 1995; Cygan et al., 1997; Chen et al., 1998;
Rodriguez-Esteban et al., 1998). Ectopic expression of each
gene results in transformation of the ventral limb structure
to a more dorsal fate (Riddle et al., 1995; Vogel et al., 1995).
These results indicate that both Wnt-7a and Lmx-1 are
sufficient for establishment of the dorsal fate of a limb. On
the other hand, En-1 is expressed in the ventral ectoderm
(Loomis et al., 1996; Logan et al., 1997; Christen and Slack,
998). Loss of En-1 function leads to ectopic expression of
nt-7a in the ventral ectoderm and results in dorsal pattern
uplication (Loomis et al., 1996, 1998; Cygan et al., 1997),
but ectopic expression of En-1 does not generate ventral
duplication (Logan et al., 1997). These results suggest that
En-1 represses Wnt-7a expression in the ventral ectoderm.
In the present study, we investigated the mechanism by
which the D-V axis of regenerating Xenopus limb buds is
established and the relationships between D-V patterning
and regenerative ability, particularly focusing on determi-
Copyright © 2001 by Academic Press. All rightnation of which epidermis or mesenchyme is responsible
for the D-V patterning in regenerating limbs.
MATERIALS AND METHODS
Manipulation and Transplantation
Transplant combinations are shown in Fig. 1A.
Xenopus tadpoles were allowed to develop until they reached the
appropriate stages (stage 52 with high regeneration potency or stage
55 with low regeneration potency) (Nieuwkoop and Faber, 1956).
For manipulation of limb buds, the tadpoles were anesthetized
with 1:5000 ethyl-3-aminobenzoate (Aldrich) dissolved in Holt-
freter’s solution. To obtain mesenchymal grafts, small tadpoles at
stage 55 were prepared by thyroxine treatment as described by
Yokoyama et al. (2000) to make grafting easier, since normal stage
55 limb buds are too large to be grafted onto stage 52 host limb bud
stumps.
Presumptive zeugopod (from the knee to ankle according to the
fate map by Tschumi, 1957) regions in the hindlimb buds were
excised and washed with Holtfreter’s solution. These fragments
were then treated with 0.05% EDTA in Ca/Mg-free Holtfreter’s
solution for 30 min to loosen epidermal–mesenchymal adhesion.
After the epidermis had been removed mechanically, the mesen-
chyme was grafted onto the opposite-side hindlimb stump freshly
amputated at the presumptive knee level of host tadpoles. The
grafted mesenchyme was held in place with tungsten pins. The
grafted mesenchyme was covered by host ectoderm to form a
recombinant limb (Yokoyama et al., 2000). This transplantation
makes only the D-V axis of the grafted mesenchyme reserved in
relation to the host limb stump. The tadpoles operated on were
reared in 30% Holtfreter’s solution for 3 days and then in water
until they regenerated. After limb regeneration, the limbs were
fixed overnight in 10% formalin.
Chimera Analysis
Recombinant limb buds from stage 55 X. laevis mesenchyme
and stage 55 X. borealis epidermis from stage 55 were prepared for
chimeric analysis. Cell contribution was determined by differential
quinacrine staining of nuclei, according to the procedure of
Thie´boud (1983).
Immunohistochemistry
To examine the muscle pattern of regenerated limbs after
transplantation, immunohistochemical staining was carried out
using MF20 (a monoclonal antibody against the myosin heavy
chain; Development Studies Hybridoma Bank, Iowa) (Bader et al.,
1982), which recognizes muscle cells in amphibians (Neff et al.,
1989).
Regenerated limbs were fixed in 4% paraformaldehyde/PBS at
4°C overnight, washed with PBS several times, and immersed in 10
and 20% sucrose/PBS overnight. Fixed limbs were embedded in
OCT compound (Sakura), frozen in liquid nitrogen, and sectioned
at 14 mm using a cryostat. After treatment with 0.5% skim
ilk/PBS for blocking, they were incubated with 40 mg/ml MF20 at
4°C overnight. After three washes with PBS, sections were incu-
bated with goat anti-mouse IgGs conjugated with fluorescein
isothiocyanate and then observed under a fluorescence microscope
(Olympus).
s of reproduction in any form reserved.
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353D-V Patterning during Xenopus Limb RegenerationGene Cloning and in Situ Hybridization
A partial cDNA encoding Xenopus Lmx-1 was obtained by PCR
ith mRNA extracted from Xenopus blastema at 7 days after ampu-
ation at the knee level. Degenerate primers, 59-GCTGCT-
AGTGCTCCGGATGyATGGArAA-39 (forward primer) and 59-
CAGGGATGTATCGGAATCAATrTCrTGrAA-39 (reverse prim-
r), were designed on the basis of conserved regions in deduced Lmx-1
mino acid sequences of other vertebrates. The PCR product was
loned into the pCRII vector (Invitrogen) and sequenced. To synthe-
ize an antisense RNA probe, this plasmid was linearized with XhoI
nd transcribed with T7 RNA polymerase (GIBCO BRL). In situ hy-
ridization of sections was performed according to the method of
ndo et al. (2000).
RESULTS
Interaction between Epidermis and Mesenchyme in
DV Patterning during Limb Regeneration
Epidermal–mesenchymal interaction is a key step for D-V
patterning in developing chick and mouse limb buds. Of
particular importance is the dorsal epidermis, which func-
tions as a signaling center for the control of the D-V
patterning. We performed the following transplantation to
determine whether there is interaction between the epider-
mis and the mesenchyme in D-V patterning during Xeno-
pus limb regeneration. Only mesenchyme taken from the
presumptive zeugopod was grafted onto an amputated plane
of a host limb at knee level. Left limb or right limb grafts
were implanted on right or left limbs, respectively. In this
operation, the orientations of the A-P and P-D axes of the
grafted mesenchyme were the same as those of the host
amputated limb, and only the D-V axis was reversed. We
examined whether a D-V pattern of regenerate in recombi-
nant limbs would depend on the host epidermis or graft
mesenchyme (Fig. 1A). A critical point in this experiment
was whether the host epidermis covered the grafted mesen-
chyme. To confirm that the host epidermis had covered the
grafted mesenchyme, the cell contributions from host and
graft tissues were analyzed 7 days after grafting by using a
chimera between X. laevis and X. borealis (Figs. 1B–1D).
hese results showed that the epidermis of the host limb
ud (shown by uniformly bright staining of the nucleus of
. laevis in Fig. 1C) covered the grafted mesenchyme
shown by mottled staining of the nucleus of X. borealis in
Fig. 1C), resulting in a recombinant limb that has a chi-
meric epidermis and mesenchyme combination.
As a control, graft tissues were sham-transplanted on the
same-side limb of hosts. In this case, the orientations of all
three axes in the grafts were the same as those in the host.
All limbs (8/8 for stage 52 and 7/7 for stage 55) correctly
regenerated a D-V pattern that had accurate direction of
joints (Figs. 2A and 2B). With regard to the internal D-V
pattern of Xenopus limb, the ventral muscle is usually
uch thicker than the dorsal muscle at the digit level (data
ot shown; Maden et al., 1983). Muscle staining with MF20
howed that the internal structures such as muscle also
Copyright © 2001 by Academic Press. All rightegenerated with the correct D-V pattern after the sham
peration (Figs. 2C and 2D).
Next, we examined whether regeneration of the D-V
attern in recombinant limbs is dependent on the epidermis
r the mesenchyme. We used the direction at ankle and
halangeal joints as an outside guideline of D-V orientation,
nd muscle was stained to observe the internal D-V struc-
ure. First, we used stage 52 limb buds for grafts (rotated)
nd hosts because they can regenerate completely. In 18 of
0 limbs, the D-V pattern depended on the host epidermis
Figs. 2E, 2G, and 2H; Table 1). One specimen had an
nverted D-V pattern corresponding to the D-V axis of the
raft mesenchyme (Table 1). We then performed the same
ecombinant experiment using stage 55 limb buds, which
ave reduced regenerative ability, in order to determine the
elationship between D-V patterning and regenerative abil-
ty. Seventeen of 21 limbs regenerated an inverted D-V
attern dependent on the grafted mesenchyme (Figs. 2F, 2I,
nd 2J; Table 1). One of 21 limbs showed the same D-V
attern as that of the host epidermis, and another had a
ixed D-V structure at phalangeal joints (some phalanges
ere normal and others were inverted) (Table 1). The D-V
atterns in the remaining 2 limbs were unidentifiable
Table 1). These results suggest that early stage limb buds,
hich have complete limb regeneration ability, can reorga-
ize the D-V pattern with signals from the epidermis, but
ater stage limb buds cannot reorganize the D-V pattern,
esulting in an inverted D-V pattern dependent on the
eversed graft mesenchyme formed.
Cloning of Xenopus Lmx-1 and Its Expression
during Limb Development
To understand the molecular aspects of epidermal–
mesenchymal interactions in D-V patterning during Xeno-
us limb regeneration, we isolated a partial cDNA fragment
f Lmx-1, a gene that plays a central role in D-V patterning
f chick and mouse embryos (Riddle et al., 1995; Vogel et
l., 1995; Cygan et al., 1997; Chen et al., 1998; Rodriguez-
steban et al., 1998), from the regenerating blastema of
enopus limb buds. A clone that we obtained shares high
mino acid identity with Lmx-1 of other vertebrates (96.5%
ith chick, 92.0% with human and mouse, and 91.4% with
amster Lmx-1) within the region containing the Lim
omeodomain (Fig. 3A). We have illustrated the relation-
hip of the LIM homeodomain of Lmx-1 family members to
ther LIM homeodomain proteins as a phylogenetic tree
Fig. 3B). Vertebrate Lmx-1 containing this clone forms one
f subfamilies. To confirm that this candidate clone repre-
ents Xenopus Lmx-1, we analyzed the expression of this
lone in developing limb buds by section in situ hybridiza-
tion. Expression of this clone was detectable throughout the
dorsal mesenchyme of limb buds at stages 51–53 (Figs. 3C,
3D, and 3E), and a faint signal was restricted to the dorsal
portion of presumptive autopod region at stage 55 (Fig. 3F).
These expression patterns correspond well to the expres-
sion of Lmx-1 in developing chick and mouse limb buds.
s of reproduction in any form reserved.
h354 Matsuda et al.FIG. 1. (A) A schematic representation showing isolation of the presumptive zeugopod mesenchyme and subsequent recombination with the
ost epidermis. d, dorsal; v, ventral. (B–D) Chimeric analysis of a recombinant limb bud. (B) Chimera was composed of stage 55 mesenchyme (X.
borealis) and stage 55 epidermis (X. laevis). (C and D) Higher magnification photograph of (B). (C) Dark field. Note that the transplanted
mesenchyme (shown by mottled staining of the nucleus of X. borealis) is covered by the host epidermis (shown by uniformly bright staining of
the nucleus of X. laevis). Arrowheads in B show the boundary between the host and graft. (D) Bright field. Bar in (B), 30 mm; bar in (C and D), 5
mm.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
355D-V Patterning during Xenopus Limb RegenerationFrom these results, we concluded that this clone is a part of
Xenopus Lmx-1, and we used it for further analyses as a
dorsal marker.
Lmx-1 Expression during Limb Regeneration
The Lmx-1 expression pattern during limb regeneration
was analyzed. In stage 52 blastema, which has a high (or
complete) regenerative ability, Lmx-1 expression was de-
tectable in the dorsal mesenchyme of both nonamputated
FIG. 2. D-V pattern in recombinant limbs after regeneration. (A–D
same-side host and donor at stage 52 (A, C, and D) and stage 55 (B).
pattern that has accurate flexion of joints. (C) Muscle pattern of pha
(D) Higher magnification photograph of (C). Ventral muscle is much
(E–J) Flexion of joints (E and F) and muscle pattern (G–J) in rotated
J). At stage 52, both flexion of joints (E) and muscle pattern along the
At stage 55, both flexion of joints (F) and muscle pattern (I and J) a
Black arrowheads show the proximal boundary between the host a
and I) 500 mm; bar in (D, H, and I), 250 mm; bar in (J), 100 mm.part and continuous blastema region within 3 days after
Copyright © 2001 by Academic Press. All rightamputation (Figs. 4A and 4C). This dorsally restricted
expression remained detectable for at least 7 days after
amputation (Figs. 4E and 4G). In stage 55 blastema, Lmx-1
expression was not detectable for 5 days after amputation. It
became detectable in the dorsal mesenchyme of blastema at
7 days after amputation although nonamputated limb
stump never reexpressed Lmx-1 (Figs. 4B, 4D, 4F, and 4H).
We also observed Lmx-1 expression in regenerating blast-
ema of the froglet forelimb. It is known that a froglet limb,
when amputated, forms a hypomorphic spike-like structure
ntrol experiments by sham-transplantation (not rotated) with the
that limbs at both stage 52 and stage 55 correctly regenerate a D-V
al region of a sham-transplanted limb at stage 52, stained by MF20.
ker than dorsal muscle (white arrowheads) at the phalangeal level.
transplanted limbs at stage 52 (E, G, and H) and stage 55 (F, I, and
axis (G and H) appear normal and dependent on the host epidermis.
versed, corresponding to the D-V axis of the grafted mesenchyme.
e graft. Structures distal from solid lines are regenerates. Bar in (C) Co
Note
lange
thic
and
D-V
re re
nd ththat does not have any significant differences along the D-V
s of reproduction in any form reserved.
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356 Matsuda et al.axis. Lmx-1 expression in the froglet blastema was unde-
tectable for 14 days after amputation at the wrist level (Figs.
4I and 4J).
These results show that Lmx-1 is involved in D-V orga-
nization also during limb regeneration and suggest that
Lmx-1 expression corresponds to the difference in regenera-
tive capacities, signifying important roles for this gene in
epidermal–mesenchymal interactions for D-V patterning
during limb regeneration.
Lmx-1 Expression in the Regenerating
Recombinant Limb
The above results of transplantation experiments (Figs. 1
and 2) suggest that the limb blastema at stage 52 can
reorganize the D-V pattern of mesenchyme by an overlying
epidermis. However, stage 55 blastema cannot reorganize
it, resulting in the inverted D-V pattern in recombinant
regenerates. For further molecular analysis, we observed the
Lmx-1 expression in these recombinant limbs at 7 days
after transplantation. In stage 52 recombinants (Fig. 5A),
Lmx-1 expression was detected in the mesenchyme of both
the graft (sandwiched area between the two solid lines in
Fig. 5B) and the regenerating blastema (on the right side of
the two arrows in Fig. 5C) underlying the host dorsal
epidermis. These results suggest that Lmx-1 expression of
this stage blastema can be reorganized by the epidermis. On
the other hand, in stage 55 recombinants (Fig. 5D), Lmx-1
expression was detectable in the original dorsal mesen-
chyme in the blastema beneath the host ventral epidermis
(Figs. 5E and 5F). The reason the signal is only in the
blastema of rotated mesenchyme appears to be that, in the
developing limb, Lmx-1 is not expressed in the proximal
region at this stage (see Fig. 3F), indicating that we rotated
and implanted only Lmx-1-negative tissue. This suggests
that Lmx-1 is re-induced in the blastema and that the
xpression of this stage blastema is not directed by the
pidermis but organized accordingly to the D-V identity in
he mesenchyme itself.
Combination of Stage 52 and Stage 55 Limbs
In stage 52 limb blastemas, the mesenchymal D-V pattern
TABLE 1
Dorsoventral Phenotype of Regenerates in Recombinant Limbs
Type of recombinant
limb buds
Total No. of
limb buds Epidermis
G52(sham) 3 H52 8 8
G55(sham) 3 H55 7 7
G52(rotated) 3 H52 20 18
G55(rotated) 3 H55 21 1
G52(rotated) 3 H55 20 3
G55(rotated) 3 H52 19 13could be reestablished by epidermal signals, but stage 55 limb
Copyright © 2001 by Academic Press. All rightlastemas autonomously established a mesenchymal D-V
attern, dependent on the D-V identity that the limb already
ad. There are two possible reasons for this. One is that stage
5 limb buds have no epidermal signals during regeneration,
nd the other is that the mesenchyme in stage 55 limb buds
as lost the competence to respond to epidermal signals. To
etermine which assumption could be the true, we trans-
lanted stage 52 mesenchyme onto stage 55 host limb stumps
nd vice versa under the same conditions as in Fig. 1. When
tage 52 mesenchyme was transplanted onto stage 55 host
imb stumps, a D-V pattern in 15 of the 20 limbs depended on
he graft mesenchyme. A D-V pattern in 3 of the 20 limbs
egenerated dependent on the host epidermis (Fig. 6A, Table
). Two of these 3 limbs had disorganized D-V direction at the
nkle joint, so that we evaluated it at phalangeal joints. The
-V pattern in the remaining 2 limbs was unidentifiable. In
his type of combination, Lmx-1 was expressed in the original
orsal side of the graft mesenchyme including the regenerat-
ng blastema (Fig. 6C). Next, we transplanted stage 55 mesen-
hyme to stage 52 limbs. Thirteen of the 19 limbs regenerated
D-V pattern based on the host epidermis, resulting in the
ormal D-V direction at joints (Fig. 6B). One of the 19 limbs
epended on the graft mesenchyme, and another regenerated a
-V pattern of mixed directions at phalangeal joints although
-V pattern at the ankle joint appeared normal. The D-V
atterns in the remaining 4 limbs were unidentifiable (Table
). Lmx-1 expression was detectable in the ventral mesen-
hyme of both the graft and the regenerating blastema under-
ying the host dorsal epidermis (Fig. 6D). These results dem-
nstrate that stage 55 mesenchyme can be reorganized by
tage 52 epidermis but that stage 52 mesenchyme cannot be
eorganized under stage 55 epidermis, suggesting that signals
oncerning D-V patterning from the epidermis are absent at
tage 55 and that this could be a possible cause for the inability
f stage 55 blastema to reorganize the D-V pattern.
DISCUSSION
Lmx-1 in Developing and Regenerating Xenopus
Limb Buds
Drosophila apterous, which specifies dorsal fate and
organizes distal outgrowth of the wing during Drosophila
Mixed (epidermis
and mesenchyme) Mesenchyme Unidentifiable
0 0 0
0 0 0
0 1 1
1 17 2
0 15 2
1 1 4wing development (Blair, 1993; Diaz-Benjumea and Cohen,
s of reproduction in any form reserved.
357D-V Patterning during Xenopus Limb RegenerationFIG. 3. (A) Comparison of deduced amino acid sequence of Lmx-1. (B) A phylogenetic tree, constructed by the neighbor-joining method,
illustrating the relationship of Lmx-1 family members to other LIM homeodomain proteins. (C–F) Lmx-1 expression in developing limb
buds at stage 51 (C), stage 52 (D), stage 53 (E), and stage 55 (F). Lmx-1 is expressed throughout the dorsal mesenchyme at stages 51–53 (C–E),
and a weak signal is restricted to the dorsal mesenchyme of the presumptive digits region (arrowheads) at stage 55 (F). Staining in the
epidermis in (F) is nonspecific background. d, dorsal; v, ventral. Bar, 100 mm.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
t(J). Lines show the predicted amputation level. Bar, 150 mm.
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Copyright © 2001 by Academic Press. All right1993; Irvine and Wieschaus, 1994; Kim et al., 1995), has at
least two homologues, Lmx-1 and Lhx2, in vertebrates. Two
functions which apterous has are divided into these two
genes; Lmx-1 is necessary and sufficient to specify dorsal
fate (Riddle et al., 1995; Vogel et al., 1995; Cygan et al.,
1997; Chen et al., 1998; Rodriguez-Esteban et al., 1998), and
Lhx2 is involved in limb outgrowth (Rodriguez-Esteban et
al., 1998). These two vertebrate homologues share high
sequence similarity with apterous (44 and 56% identity in
the LIM domain to apterous, respectively) (Rodriguez-
Esteban et al., 1998). Therefore, we could not label the
clone that we obtained from Xenopus as an amphibian
homologue of Lmx-1 only from sequence similarity. The
expression profile of this clone strongly suggested that it is
actually a partial clone of the Xenopus Lmx-1 homologue,
and we concluded that this clone represents Xenopus
Lmx-1. As in chick and mouse limb development (Riddle et
al., 1995; Vogel et al., 1995; Cygan et al., 1997), the Lmx-1
transcript started and continued to be expressed throughout
the dorsal mesenchyme in stage 51–53 limb buds of Xeno-
pus tadpoles (Figs. 2C–2E). At stage 55, this expression was
restricted to the dorsal part of the presumptive digit region
(Fig. 2F). The dorsal-sided expression suggests that Lmx-1
plays an important role in D-V patterning also in Xenopus
limb development. In regenerating limb buds, Lmx-1 ex-
pression was first detectable in the dorsal mesenchyme of
the blastema at 3 days after amputation of stage 52 limb
buds (Fig. 4C). Reexpression of Lmx-1 also occurred in stage
55 blastemas, but it took 7 days after amputation (Fig. 4H)
even when they were amputated at the same level (ankle
level) as the stage 52 limb buds. Furthermore, Lmx-1
expression in the froglet blastema was undetectable for 14
days after amputation at the wrist level (Figs. 4I and 4J).
These findings suggest that D-V axis formation in later
stage limb buds, which have reduced regenerative ability,
could be delayed. This delay may be because of the absence
of epidermal signals directing D-V patterning as discussed
below. In any case, these results suggest that a signaling
pathway mediated by Lmx-1 is involved in D-V patterning
during limb regeneration.
Epidermal Signal(s) Controls D-V Patterning
during Limb Regeneration
The results of transplantation experiments using chick
limb buds suggest that D-V patterning in a developing limb
bud is controlled by an epidermal signal(s) (MacCabe et al.,
1973, 1974; Pautou, 1977a,b; Geduspan and MacCabe, 1987,
1989; Akita, 1996). Further studies with Wnt7a, En-1, and
Lmx-1 genes have provided information on the molecular
bases of D-V patterning, suggesting that the dorsal epider-
mis appears to give dorsal fates in underlying mesenchymal
cells and the ventral fates emerge in the absence of this
dorsal epidermal signal (Parr and McMahon, 1995; Riddle et
al., 1995; Vogel et al., 1995). In this study, we demonstrated
that mesenchymal tissues rotated along the D-V axis andFIG. 4. Lmx-1 expression in regenerating hindlimb buds (A–H) of
adpoles and forelimbs of froglets (indicated by arrowheads). Lmx-1
expression in regenerating blastema is detected at 3 (C), 5 (E), and 7 days
(G) after amputation at the presumptive ankle level of stage 52 limb buds,
but in stage 55 blastemas (B, D, F, and H) Lmx-1 is detectable only at 7
days after amputation (H). Lmx-1 expression in the blastema after
amputation of a froglet forelimb at wrist level (I and J) at 7 (I) and 14 daysgrafted onto a host at stage 52 showed normal expression of
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359D-V Patterning during Xenopus Limb RegenerationLmx-1 and a normal D-V pattern reorganized by the host
pidermis. These results show that D-V polarity in regen-
rating limbs is controlled by epidermal signals, as in
eveloping limbs, and suggest that there is a signal(s) from
he dorsal epidermis that controls Lmx-1 expression. What
is the dorsalizing signal from the epidermis? Wnt-7a, which
s expressed in the dorsal epidermis in developing chick and
ouse limb buds, is thought to be essential and sufficient
or induction of the dorsal expression of Lmx-1 and for the
stablishment of dorsal fate in the limb mesenchyme (Parr
nd McMahon, 1995; Riddle et al., 1995). Wnt-7a is there-
fore a strong candidate for the dorsal signal that is respon-
sible for establishing the D-V axis in regenerating Xenopus
limb buds. However, Christen and Slack (1998) reported
that Xenopus Wnt-7a is expressed in a diffuse manner
throughout the limb buds in both the epidermis and the
mesenchyme during both development and regeneration.
Thus, it can be assumed that there are Xenopus-specific
molecules other than Wnt-7a. The nature of this postulated
molecule that must be expressed dorsally in the limb buds
remains unclear.
Relationship between D-V Patterning and Decline
in Regenerative Ability
Lmx-1 starts to be expressed in the dorsal blastema
within 3 days after amputation of stage 52 limb buds, which
have a high regenerating ability (Figs. 4A and 4C), but it
FIG. 5. Lmx-1 expression in recombinant limbs at 7 days after tra
B) A stage 52 recombinant limb. The two solid lines indicate the p
hat Lmx-1 is expressed not only in the transplanted graft but also
stage 55 recombinant limb. (F) Higher magnification photograp
blastema (distal to arrows) underlying the host ventral epidermis.takes 7 days in stage 55 blastema (Figs. 4B, 4D, 4F, and 4H). R
Copyright © 2001 by Academic Press. All rightmx-1 expression is undetectable in froglet forelimb blast-
mas for 14 days after amputation (Figs. 4I and 4J). More-
ver, our results showing that the D-V axis in stage 55
ecombinant limbs is established not by the epidermis but
y the mesenchyme itself suggest that the blastema of this
tage is not able to arrange the epidermal–mesenchymal
nteraction for D-V patterning. This suggests that there is a
lose relationship between epidermal–mesenchymal inter-
ction for D-V patterning and decline in the ability to
egenerate.
Epidermal–mesenchymal interaction is a central cellular
vent not only for limb D-V axis formation but also for limb
nitiation and its outgrowth. FGF10 is a mesenchymal
ediator that is expressed in the lateral plate mesoderm of
he presumptive limb region and is essential and sufficient
or induction of fgf8 in the lateral epidermis and for result-
nt limb outgrowth (Ohuchi et al., 1997; Min et al., 1998;
ekine et al., 1999). Yokoyama et al. (2000) suggested that
eduction of epidermal–mesenchymal interactions is a criti-
al point in the decline of ability to regenerate the limb and
hat this decline could depend on the limb mesenchyme
nd on fgf10. Together with the results of these studies, our
esults that the dorsal epidermal signal(s) appears to be a
ritical cue indicate the possibility that several points or
teps in the epidermal–mesenchymal interactions may be
nterfered with in the nonregenerative limbs.
The distinct signaling pathways may be involved in D-V
xis formation and limb outgrowth. FGF10 mediates fgf8,
ntation. (A and D) Diagram of recombination. d, dorsal; v, ventral.
ted graft tissue. (C) Higher magnification of the square in (B). Note
e blastema (arrowheads) underlying the host dorsal epidermis. (E)
(E). Lmx-1 expression (arrowheads) is detectable only within the
n (C), 100 mm; bar in (F), 200 mm.nspla
redic
in th
h of-fng, and En-1 expression, all of which are involved in AER
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360 Matsuda et al.formation, but it does not direct Wnt-7a and Lmx-1 (Ohuchi
et al., 1999), suggesting that D-V axis formation mediated
by Lmx-1 and Wnt-7a is in a cascade separate from that
ediated by fgf10. Furthermore, in fgf10-deficient mice,
either Lmx-1 nor Wnt-7a was affected (Sekine et al., 1999).
y analogy with the above molecular interactions during
imb development, it is possible that in limb regeneration
he blastema-initiating factor, FGF10, and a dorsalizing
actor(s) tied to Lmx-1 are separated downstream of a
ommon regulator or are in independent pathways. Later
tage limbs of Xenopus may have several different points
mesenchymal signal(s) for blastema outgrowth and epider-
al signal(s) for D-V patterning) that are reduced or disor-
anized, resulting in incomplete or no regeneration of
imbs. Interestingly, two vertebrate homologues of Dro-
ophila apterous, Lmx-1 and Lhx2, appear to be involved in
those two axial formations during limb development
(Lmx-1 in D-V axis formation and Lhx2 in limb outgrowth)
FIG. 6. D-V pattern (flexion of joints and Lmx-1 expression) i
recombination with stage 52 mesenchyme and stage 55 epidermis, fl
that the D-V axis depends on grafted mesenchyme itself. When stag
of the joints (B) and Lmx-1 expression (D) appear normal, based on
the proximal boundary between the host and the graft. Distal struc
and (D), the region between the two solid lines is the predicted gra
d, host dorsal side; v, host ventral side. Bar in (C), 150 mm; bar in(Rodriguez-Esteban et al., 1998). It is possible that these two
Copyright © 2001 by Academic Press. All rightLIM homeobox genes mediate two distinct pathways also in
limb regeneration.
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